The presence of IPH and/or FCR in the carotid atherosclerotic plaque indicates a high-risk lesion. The aim of this multicenter cross-sectional study was to establish the characteristics of lesions that may precede IPH and/or FCR. We further sought to construct a CAS that stratifies carotid disease severity.
C
arotid atherosclerotic disease is a leading cause of stroke. Disease severity and risk of stroke have been traditionally determined by measures of luminal occlusion. 1 Findings from randomized prospective investigations, however, have indicated that stenosis may be an uncertain measure of stroke risk in symptomatic patients with Ͻ70% stenosis 2 and across all levels of stenoses in asymptomatic patients. 3 Concurrently, atherosclerotic plaques in the coronary arteries associated with sudden cardiac death have been differentiated from lesions not associated with infarcts by histologic findings from within the vessel wall. 4 In accord, considerable effort has been directed at identifying features of the carotid arterial wall that may provide complementary information to lumenography to evaluate disease severity better.
MR imaging of the carotid arteries has been validated with histology to be an effective method to identify and measure atherosclerotic vessel morphology and plaque composition. [5] [6] [7] Recent carotid MR imagingϪbased cross-sectional [8] [9] [10] and prospective [11] [12] [13] studies of carotid atherosclerosis have offered exciting evidence that among many plaque features, IPH and FCR are some of the key determinants of the high-risk lesion-plaques associated with cerebrovascular events. Beyond the differentiation of high-risk lesions, however, a critical component of disease assessment is the recognition of lesions that may precede the development of IPH and/or FCR. The aim of this multicenter cross-sectional study was to determine which imaging features or combination of imaging features has the highest association with the presence of IPH and/or FCR. We further sought to construct an imaging-based CAS that characterizes features of precursor lesions and provides evidence for an improved method to stratify carotid disease severity compared with the traditional stenosis measurement. This simple scoring system is intended to combine lesion morphologic and compositional information quantitatively, to provide easy tracking of the status of plaques, and to be used in large-scale prospective studies that link plaque features with clinical outcomes.
Materials and Methods

Study Sample
Multicontrast carotid MR images from 435 individuals with 16%-99% stenosis by duplex sonography in at least 1 carotid artery were pooled from 4 institutions: 1) AH, Capital Medical University, Beijing, China (n ϭ 78; stenosis, Ͼ50%); 2) MSU, East Lansing, Michigan (n ϭ 90; stenosis, Ͼ50%); 3) PLA, Beijing, China (n ϭ 67; stenosis, Ͼ50%); and 4) UW, Seattle, Washington (n ϭ 80; stenosis,16%-49%; nϭ 120; stenosis, 50%-79%). The study procedures and consent forms were reviewed and approved by the institutional review board at each institution before study initiation. The artery with the greatest stenosis by duplex sonography, termed the index artery, was selected for image review because image acquisition was centered on that artery. Arteries were excluded from review if there was the following: 1) prior carotid endarterectomy on the index carotid artery, 2) prior radiation therapy to the neck, 3) insufficient coverage (Ͻ10 mm including the bifurcation) by MR imaging, or 4) poor image quality by MR imaging. Clinical information was obtained through chart review.
MR Imaging Acquisition
Participants underwent carotid MR imaging on either a 1.5T or 3T scanner by using bilateral phased-array carotid surface coils. Previously published multicontrast carotid imaging protocols 14, 15 were adapted for each study center. Sequences and imaging parameters are detailed in On-line Table 1 . Notably, at 2 sites (AH and MSU) participants also underwent CE-MRA (On-line Table 1 ).
Image Analysis
All images of the index carotid artery from each subject were interpreted at a core laboratory by teams of 2 reviewers, all with Ͼ1.5 years' experience in vascular MR imaging, via consensus opinion and blinded to clinical information. At each axial location, image quality was assessed with a 4-point scale (1 ϭ poor, 2 ϭ adequate, 3 ϭ good, 4 ϭ excellent). For arteries with image quality Ն2, image analysis software 16 was used to draw the lumen and outer wall boundaries at each axial location. Lumen area, wall area, total vessel area, maximum wall thickness, and NWI (wall area/total vessel area) were recorded. In addition, the presence or absence of calcification, LRNC, IPH (Fig 1,  top row) , and fibrous cap status was determined by using multicontrast imaging criteria that have been previously validated with histol- 
a Intensity relative to the sternocleidomastoid muscle: -indicates hypointense; o, isointense; ϩ, hyperintense. b Principal criteria for identification of a feature.
Fig 1.
In vivo identification of IPH, FCR, and ulceration. Each row contains multicontrast axial images from a single location in the carotid artery. The outer wall boundary (white arrowheads) of either the internal or common carotid artery, the lumen of the internal or common (asterisk) carotid artery, the external (cross, where applicable) carotid artery, and the JV are identified. The top row is of the right internal carotid artery from a 69-year-old man imaged at MSU. IPH (arrows) is characterized by a hyperintense signal intensity on TOF and T1WI. The second row is of the right internal carotid artery from an 80-year-old man imaged at PLA. An FCR (white arrow) is evident on TOF imaging by the hyperintense signal intensity extending from the lumen into the plaque and the absence of a fibrous cap on T2WI and CE-T1WI. The third row is of the left common carotid artery from a 74-year-old man imaged at PLA. An ulceration (black arrows) is present. Notably, the varying appearance of the ulcer between the different contrast weightings is due to reduced flow suppression caused by turbulent flow in the ulcerated region, particularly after contrast administration. Signal-intensity criteria for identifying calcification, LRNC, and IPH are summarized in Table 1 . Fibrous cap status was identified as 1) intact thick if fibrous tissue was evident on CE-T1WI or T2WI between the LRNC and the lumen, 2) intact thin if fibrous tissue was not evident on CE-T1WI or T2WI between the LRNC and lumen, and 3) ruptured if there was an absence of a fibrous cap on CE-T1WI and T2WI and juxtaluminal IPH on TOF (Fig 1, middle row) . Area measurements of the LRNC and calcification, when present, were also collected, and the proportion of each component relative to the wall area (eg, percentage LRNC area ϭ 100% ϫ LRNC area / wall area) was subsequently calculated for each MR imaging location. Proportional measurements of plaque composition normalized the data for arterial size. Percentage stenosis was determined from the CE-MRA by using the established North American Symptomatic Carotid Endarterectomy Trial criterion 21 : 100% ϫ (1 Ϫ luminal diameter at the point of maximal narrowing / the diameter of the normal distal internal carotid artery).
Statistical Analysis
All statistical analyses were performed with SPSS for Windows (Version 12.0, SPSS, Chicago, Illinois). Due to differences among institutions in longitudinal coverage of the artery, the maximum arterial value for each continuous metric was used during data analysis (as opposed to mean arterial values or volume data), except for lumen area, in which case the minimum arterial value was used. Individuals with ulceration, defined as a surface disruption with invagination into the plaque, were excluded from analysis (Fig 1, bottom row) . Ulceration alters the morphology and composition of the plaque, which obscures the conditions that existed before the development of ulceration. To account for differences among imaging protocols, fieldstrengths, and patient demographics at different sites, we randomly divided the remaining evaluable study sample into 2 datasets with an intended ratio of 60:40 (training set/test set) by using the random selection of data command in SPSS. This method of creating a training and test set through random subselection creates 2 datasets that are equivalent to 2 independent random draws from the source collection of patients. 22 Although measures of reproducibility for carotid MR imaging parameters have been previously reported (intra-and inter-reader 6, 19 ; interscan 15, 23, 24 ), partitioning of the dataset in this manner, after image interpretation had been complete for all arteries, enabled the unbiased evaluation of reproducibility of the results obtained from the training set on the test set. To verify the randomness of allocation between the training and test sets, we evaluated differences in the baseline demographic and arterial characteristics with the independent t test for continuous variables and the Fisher exact test for categoric variables. Statistical significance, based on 2-sided tests, was defined as P Ͻ .05. The CAS was constructed via the following steps:
Step 1, with the training set, univariate binary logistic regression for continuous variables or the Fisher exact test for categoric variables was used to identify potential predictors of IPH and FCR from each of the clinical and arterial parameters listed in Table 2 . IPH and FCR were not considered in the univariate analysis because they were the target, dependent variables used as indicators of a high-risk lesion.
Step 2, with the training set, we created a multivariate model separately for IPH and FCR by using backward elimination of predictor variables, starting from all parameters with an association (P Ͻ .10) identified during univariate analysis and by using P Ͻ .10 (F test) to retain a variable in the model. OR and the 95% CI are reported for results from univariate and multivariate analysis.
Step 3, by using the training set, we assessed the accuracy of classification for each statistically significant parameter selected in the multivariate analysis with ROC curves and the AUC.
Step 4, parameters identified during multivariate analysis of the training set were used to construct the CAS. Notably, methods used to construct the CAS were dependent on the results and are, thus, described in the "Results" section.
Step 5, after formulation of the CAS from the training set was complete, performance of CAS was evaluated with the test set. ROC curves and AUC were used to determine the strength of the classification for identifying lesions with IPH or, separately, FCR in the test set.
Prevalence of calcification, LRNC, IPH, and fibrous cap status (thick, thin, or ruptured) are reported for each level of CAS separately for the training and the test sets. The prevalence of IPH, FCR, and measures used to construct the CAS were computed at each imaging location (relative to the bifurcation) for the entire dataset (training ϩ test). Finally, in all participants with a CE-MRA, strength of classification for determining the presence of IPH and FCR was determined for both MRA stenosis and CAS.
Results
Of the 435 index arteries available for review, 388 (89.2%) had Ն10-mm longitudinal coverage, which included the bifurcation and sufficient image quality for identification of the vessel boundaries and plaque composition. An additional 54 arteries were excluded due to the presence of ulceration on the index artery. The remaining 334 arteries were used to form the training and testing datasets. Of these 334 arteries, 116 arteries had corresponding CE-MRA from AH and MSU. The mean lon- gitudinal coverage of the 334 evaluable scans was 23.4 Ϯ 7.8 mm (range, 10 -36 mm). There were no significant differences in demographic data, arterial morphology, and plaque composition between the training and test groups ( Table 2 ). Metrics that were associated with the presence of IPH or FCR, as identified during univariate analyses of the training set, are presented in On-line Table 2 . Analysis in the training set through backward elimination in multivariate logistic regression selected the maximum percentage LRNC as the sole statistically significant predictor of both IPH (OR for 10% increase in maximum percentage LRNC, 3.3; 95% CI, 2.3-4.7; P Ͻ .001) and FCR (OR for 10% increase in maximum percentage LRNC, 2.5; 95% CI, 1.6 -3.8; P Ͻ .001). Of note, MRA stenosis was available for only a subset of arteries in the training set, so multivariate analysis was performed twice for FCR: 1) on the subset of arteries for which MRA stenosis could be used as a covariate. and 2) on the entire training set without MRA stenosis as a covariate. In both instances, maximum percentage LRNC was the sole statistically significant predictor of FCR. ROC analysis of the training set found maximum percentage LRNC to be a strong classifier of both IPH (AUC ϭ 0.94, Fig 2A) and FCR (AUC ϭ 0.91, Fig 2C) .
CAS
In evaluating the cumulative prevalence of IPH at different levels of maximum percentage LRNC within the training set, the curve (shown in Fig 2B) showed 2 distinguishable jumps at approximately 20% and 40%. Evidentiary change in the cu- , which were subsequently used to construct the CAS. E, ROC curve analysis for prediction of the presence of LRNC in the training set by maximum wall thickness, maximum total vessel area, and maximum NWI. F, In the cumulative prevalence plot for LRNC by maximum wall thickness, LRNC was absent in lesions with a maximum wall thickness Ͻ2 mm.
mulative prevalence of FCR occurred at maximum percentage LRNC values equal to approximately 30% and 45% (Fig 2D) .
Thus, cutoff values for maximum percentage LRNC were selected at 20% and 40% to provide 3 tiers (Ͻ20%, 20%-40%, and Ͼ40%) of stratification of risk for both IPH and FCR.
Because only lesions with an LRNC would be eligible for classification beyond the first tier, an additional univariate/ multivariate analysis was performed to determine predictors of the presence of an LRNC (On-line Table 2 ). Among the 3 variables identified during multivariate analysis (On-line Table 2), accuracy of classification of arteries (LRNC present versus absent, Fig 2E) was strongest for maximum wall thickness (AUC ϭ 0.76), followed by maximum NWI (AUC ϭ 0.72) and maximum total vessel area (AUC ϭ 0.65). From a plot of cumulative prevalence of arteries with LRNC versus maximum wall thickness for the training set (Fig 2F) , LRNC did not occur in arteries with a maximum wall thickness Յ2 mm. As such, lesions with a maximum wall thickness Յ2 mm were classified as the first tier of CAS followed by the 3 tiers dependent on the size of the maximum percentage LRNC (Fig 3) .
Applied to the test set (n ϭ 138), the 4-tier CAS was a strong classifier of both IPH (AUC ϭ 0.91) and FCR (AUC ϭ 0.93). The prevalence of each compositional feature for each category of CAS applied to both the training and test sets is detailed in Table 3 .
Anatomic Location of Key Features
An analysis of the prevalence of plaque features at different locations in the artery, including all evaluable arteries without an ulcer (n ϭ 3898 sections from 334 arteries) demonstrated that the maximum wall thickness and maximum percentage LRNC, IPH, and FCR occurred predominately at or adjacent to the carotid bifurcation (Fig 4) .
CAS versus MRA Percentage Stenosis
In the subcohort of individuals with CE-MRA (n ϭ 116), CAS was a stronger classifier than stenosis for both IPH (AUC ϭ 0.87 versus 0.57, respectively; Fig 5A) and FCR (AUC ϭ 0.85 versus 0.67, respectively; Fig 5B) .
Discussion
This study used a standardized carotid MR imaging protocol implemented at multiple centers to evaluate a spectrum of in vivo carotid atherosclerotic disease. While carotid MR imaging enables the assessment of a multitude of morphologic and compositional imaging parameters, this cross-sectional study distinguished the maximum percentage LRNC as the variable with the strongest association with the presence of IPH and FCR. In addition, our data indicate that in the absence of highrisk features (IPH, FCR, and/or ulceration), plaques with a maximum percentage LRNC Ͼ40% may also be considered high-risk (CAS 4) due to the high prevalence of IPH and/or FCR observed in this subset of arteries. A simple imagingbased risk assessment system derived from these findings, such as CAS, may prove clinically useful for stratifying atherosclerotic disease severity in the carotid artery. These results form the basis for large prospective studies that target the LRNC as the key parameter for determining the risk of developing IPH and/or FCR and for evaluating the risk of cerebrovascular events along with IPH, FCR, ulceration, and stenosis. Compared with stenosis, the traditional measure of carotid atherosclerotic disease severity, CAS was a stronger classifier for the presence of IPH and FCR. Outward remodeling 25 coupled with an enlarged luminal area of the carotid bulb, the location where these features were most prevalent (Fig 4) , may enable the development of high-risk features before detectable luminal encroachment. Babiarz et al 26 described a wide range of plaque burden in lesions with minimal stenosis as determined by CE-MRA. Saam et al 27 found that IPH or FCR or both were present in 8.7% of lesions with 1%-15% stenosis and 21.7% of lesions with 16%-49% stenosis. Most recently, Dong et al 28 reported the occurrence of both IPH and FCR in angiographically normal (0% stenosis) arteries. Collectively, these previous studies [26] [27] [28] highlight the potential limitations of traditional risk-stratification systems that use stenosis as the principal criterion for discriminating lesion severity. Accordingly, alternate methods for assessing carotid atherosclerotic disease severity, such as CAS, may be clinically constructive, particularly in patients with Ͻ70% stenosis.
Our findings demonstrated that arterial wall thickness measurements were effective for discriminating between lesions with and without a LRNC. This is interesting because it may create a natural connection point between sonography and MR imaging in a clinical setting. Measures of carotid wall thickness by sonography have been previously associated with stroke. O'Leary et al 29 found that a maximum internal carotid IMT Ն1.81 mm was associated with an adjusted relative risk of 2.4 for incident stroke. Touboul et al 30 found the presence of carotid plaque that encroached into the vessel Ͼ1 mm to be independently associated with stroke risk. However, discrimination of plaque stability solely on morphology (eg, wall thickness) may be insufficient. Prati et al 31 recently reported that inclusion of carotid findings (eg, IMT Ͼ1 mm and at least 1 plaque) into the FSRS resulted in a higher predictive power of incident stroke only in subjects with an FSRS Ͼ20%. Accordingly, we found wall thickness to be an appropriate measure for differentiation between stable and potentially unstable carotid disease, but parameters beyond arterial morphology were necessary to classify severity accurately. Nevertheless, evaluation of wall thickness measurements, particularly with sonography, may be a cost-effective strategy for identifying individuals to evaluate with multicontrast high-resolution carotid MR imaging.
There are several limitations that merit discussion. First, the imaging protocol used in this study was not uniform across study centers. However, randomly partitioning the data into training and test sets accounts for differences that may occur due to the site. Furthermore, the heterogeneity within the dataset suggests that CAS may be sufficiently robust to overcome differences that may occur as a result of image acquisition. Second, the current CAS is limited to predicting the presence of IPH and FCR in the carotid atherosclerotic lesion. While the scoring system may require further optimization based on future prospective studies linked to clinical (eg, stroke) and/or imaging (eg, development of a new IPH) outcomes, the proposed system may already be relevant. The data presented herein and the subsequently derived CAS point to ways to improve carotid MR imaging efficiency and accuracy by focusing imaging strategies on the detection of the LRNC, IPH, FCR, and ulceration. Sequences used during this investigation were part of a broad multicontrast protocol to comprehensively evaluate carotid disease. Selecting sequences to focus on quantification of the specific features (eg, CE-T1WI 18 for LRNC; TOF 19 or magnetization-prepared rapid acquisition of gradient echo 32 for IPH) necessary for severity assessment may substantially decrease scanning time and increase translatability of carotid MR imaging to clinical practice.
Finally, CAS was not applied to neurologic symptom status. Because patient examinations were pooled from multiple different institutions, inclusion criteria for the carotid MR imaging varied. For example, only asymptomatic patients were imaged at UW compared with MSU, which imaged both asymptomatic and symptomatic individuals. In addition, findings from several large population-based studies indicate a much greater prevalence of subclinical strokes compared with clinically overt events. 33, 34 To accurately determine the ability of CAS to classify risk, future prospective investigations should integrate brain MR imaging to account for all strokes (silent and overt) that occur within the carotid vascular supply.
Conclusions
We conclude that the maximum percentage LRNC is an effective parameter for classifying the severity of carotid atherosclerotic disease. In the absence of FCR, IPH, and ulceration, a plaque with a maximum percentage LRNC Ͼ40% may be a high-risk lesion. The findings from this cross-sectional study form the basis for large long-term prospective studies that evaluate the effectiveness of CAS in predicting disease progression, development of FCR and IPH, and future ischemic events.
